Roseguini BT, Soylu SM, Whyte JJ, Yang HT, Newcomer S, Laughlin MH. Intermittent pneumatic leg compressions acutely upregulate VEGF and MCP-1 expression in skeletal muscle. Am J Physiol Heart Circ Physiol 298: H1991-H2000, 2010. First published March 26, 2010; doi:10.1152/ajpheart.00006.2010.-Application of intermittent pneumatic compressions (IPC) is an extensively used therapeutic strategy in vascular medicine, but the mechanisms by which this method works are unclear. We tested the hypothesis that acute application (150 min) of cyclic leg compressions in a rat model signals upregulation of angiogenic factors in skeletal muscle. To explore the impact of different pressures and frequency of compressions, we divided rats into four groups as follows: 120 mmHg (2 s inflation/2 s deflation), 200 mmHg (2 s/2 s), 120 mmHg (4 s/16 s), and control (no intervention). Blood flow and leg oxygenation (study 1) and the mRNA expression of angiogenic mediators in the rat tibialis anterior muscle (study 2) were assessed after a single session of IPC. In all three groups exposed to the intervention, a modest hyperemia (ϳ37% above baseline) between compressions and a slight, nonsignificant increase in leg oxygen consumption (ϳ30%) were observed during IPC. Compared with values in the control group, vascular endothelial growth factor (VEGF) and monocyte chemotactic protein-1 (MCP-1) mRNA increased significantly (P Ͻ 0.05) only in rats exposed to the higher frequency of compressions (2 s on/2 s off). Endothelial nitric oxide synthase, matrix metalloproteinase-2, and hypoxia-inducible factor-1␣ mRNA did not change significantly following the intervention. These findings show that IPC application augments the mRNA content of key angiogenic factors in skeletal muscle. Importantly, the magnitude of changes in mRNA expression appeared to be modulated by the frequency of compressions such that a higher frequency (15 cycles/min) evoked more robust changes in VEGF and MCP-1 compared with a lower frequency (3 cycles/min).
INTERMITTENT PNEUMATIC LIMB COMPRESSION (IPC) is a widely used approach to prevent and treat a number of vascular disorders. In recent years, evidence has been provided showing that this strategy is an efficacious therapeutic option for patients with peripheral artery disease (PAD) (11, 13, 24) . In a randomized controlled trial, Delis and Nicolaides (13) showed that a minimum of 2.5 h of daily IPC application for 5 mo improves walking distance, ankle brachial index, and quality of life in stable claudicants. Other studies also indicated that the efficacy of this strategy appears to be especially meaningful for patients with critical limb ischemia and tissue loss, in which surgical reconstruction is unsuitable (22, 47) . In this group of patients, IPC application to the foot and calf was found to significantly improve leg pulse volume amplitude (47) and promote limb salvage (i.e., reduce the number of major amputations) (22, 47) . Interestingly, despite the growing acceptance and accumulating favorable evidence, the mechanisms by which IPC promotes its remarkable clinical benefits remain elusive.
IPC application evokes a number of acute hemodynamic and extravascular mechanical effects in the leg. For example, when applied to the calf, IPC has been shown to 1) temporarily increase flow velocity, mean volume flow (by up to ϳ105%), and wall shear stress in the popliteal artery in a pressuredependent manner (48) , 2) increase wall strain, exerted by the sudden increase in volume flow between compressions (10), and 3) externally compress the vasculature embedded within the tissue, due to the rise in intramuscular pressure (5, 41) . These mechanical forces are well-known stimuli for angiogenic growth factors in skeletal muscle (4, 19) , and accordingly, it is conceivable that repeated exposure to enhanced shear stress, strain, and deformation/stretch during IPC therapy can induce the synthesis and release of these factors. For instance, it is known that increased shear stress and cyclic strain imposed on cultured endothelial cells can increase the expression of angiogenic factors, such as vascular endothelial growth factor (VEGF) (1, 53, 54) , endothelial nitric oxide synthase (eNOS) (2, 55) , and monocyte chemotactic protein-1 (MCP-1) (43, 50) . Likewise, evidence derived from animal models suggests that muscle stretch modulates the expression of matrix metalloproteinases (e.g., MMP-2) and upregulates hypoxia-inducible factor (HIF)-1␣, both of which are also thought to be important in the angiogenic process (30, 31) . Along this line, it has been demonstrated that IPC application in a rat model can rapidly upregulate eNOS expression in skeletal muscle exposed to compressions (44) . Whether the same holds true for other factors known to trigger capillary formation in skeletal muscle remains to be determined.
This study was designed to examine mRNA expression patterns of several angiogenic factors following acute IPC application. Aiming to gain insights into the mechanistic basis of how this therapeutic strategy works, we first characterized leg hemodynamic and oxygenation responses to an acute bout of IPC application. We also determined the potential impact of varying the stimulation characteristics, in this case the pressure and frequency of compressions on the expression of angiogenic mediators. Given the fact that the magnitude of flow enhancement and vascular deformation during external muscle compression appears to be proportional to the pressure and fre-quency of compressions (7, 12, 48) , we anticipated that the effect of IPC on angiogenic factor expression would be directly dependent on both the pressure and frequency.
METHODS

Animals.
Male Sprague-Dawley rats (280 -350 g; n ϭ 65) were used in the present study. The animals were housed in a temperaturecontrolled room (24°C) with a 12:12-h light-dark cycle. Food and water were provided ad libitum. The Institutional Animal Care and Use Committee of the University of Missouri approved the experimental protocol.
Experimental design. The experimental setup is shown in Fig. 1 . Briefly, under anesthesia, the animals were placed supine on an acrylic platform, and a small blood pressure cuff (UPC3.3, 3.3 ϫ 12 cm; D.E. Hokanson, Bellevue, WA) was firmly wrapped around the left leg. To stabilize the leg and prevent movement of the cuff during compressions, umbilical tape was passed in the ankle region between the bone and the Achilles tendon and tied tightly to a metal rod that was connected to a force transducer. The cuff was also secured to the leg with umbilical tape.
To characterize and validate our model of IPC application in the rat, we first determined leg hemodynamics and oxygenation responses to an acute bout of compressions (study 1, n ϭ 33). Rats were divided into four groups to evaluate the impact of pressure and rate of compression on these variables: group 1, 120 mmHg (2 s inflation/2 s deflation); group 2, 200 mmHg (2 s/2 s); group 3, 120 mmHg (4 s/16 s); and group 4, no intervention performed except cuff placement. These compression rates and pressures were selected on the basis of compression characteristics of the devices used in the clinical scenario for PAD treatment (34) . In preliminary experiments, we determined that the pressures set in the compression unit were accurately transferred to the calf, as measured by a catheter pressure transducer positioned underneath the cuff (Supplemental Fig. 1 ). (Supplemental data for this article is available online at the American Journal of PhysiologyHeart and Circulatory Physiology website.) In the first set of experiments (n ϭ 17), blood pressure, femoral blood flow, and oxygen consumption (see below) of the compressed leg were measured before and after a 6-min bout of compressions. In additional animals (n ϭ 16), we measured blood flow to a superficial and a deep muscle of the hindlimb throughout a 1-h session of compressions.
In study 2 (n ϭ 32), the impact of 150 min of compressions on mRNA expression of angiogenic factors in whole muscle extracts was investigated. The right tibialis anterior (TA) muscle was surgically removed initially (as described in Surgical preparation) to serve as a baseline expression control for the left TA, harvested in the end of the intervention period.
Surgical preparation. Animals were anesthetized with a combination of ketamine (100 mg/kg) and acepromazine (0.5 mg/kg ip). An adequate level of anesthesia was verified by the lack of response to foot pinch, stable ventilation, and stable blood pressure. Additional doses were given throughout the intervention period if and when necessary. During the surgical interventions, supplemental oxygen was given through a mask. Core temperature was maintained at 37°C with an external heat source. Initially, a catheter was placed in the left carotid artery and advanced to the aortic arch for blood pressure determination, withdrawal of arterial blood for blood gas measurement, and infusion of microspheres. In study 1, the anteromedial portion of the left hindlimb was exposed, and the left femoral artery and veins were exposed using blunt dissection. A Transonic flow probe (0.5 V; Transonic Systems, Ithaca, NY) was placed around the proximal portion of the left femoral artery for blood flow determination. A catheter was placed in a branch of the femoral vein for venous blood withdrawal for blood gas measurement and calculation of oxygen consumption to the calf. In some animals, a third catheter was inserted into the caudal (tail) artery for withdrawal of the reference blood sample and for monitoring blood pressure during microsphere infusion. In study 2, animals had only one catheter placed on the carotid artery as described above. In these animals, after both legs were shaved and cleaned, an incision was made in the anterior part of the right leg and the TA muscle was removed and stored for analysis as described previously (44) . The wound was then closed with surgical suture. At the end of intervention, the same procedure was repeated in the left leg. After completion of the experiment, the rats were euthanized with an overdose of ketamine and acepromazine (intra-arterial).
IPC device. An automatic cuff inflator (E-20 rapid cuff inflator; D.E. Hokanson) was used for IPC application. With the cuff used in the present study (UPC3.3, 3.3 ϫ 12 cm; D.E. Hokanson), the inflation/deflation time is Ͻ0.1 s. A computer-generated signal (PowerLab 4/S system; ADInstruments) allowed for application of the compression rates specified above.
Blood pressure and limb hemodynamics. Mean arterial blood pressure (BP) was measured from the carotid artery catheter or tail artery by using a pressure transducer positioned at the height of each respective measurement site. Femoral blood flow (FBF) was measured with a Transonic AT206 small animal blood flow meter, and femoral vascular conductance (FVC) was calculated by dividing femoral blood flow by BP. During the 6-min IPC bout, BP, FBF, and FVC were determined by averaging the responses during the 1st and 5th minutes of compressions. These variables were determined separately during (cuff inflation) and in between compressions (deflation). The average of both periods represented the overall hemodynamic responses.
In a different set of rats, blood flow to a superficial (TA) and deep (soleus) muscle was determined using the microsphere technique (52) . Stable isotope-labeled microspheres [Rhenium, Iridium, Holmium; BioPhysics Assay Laboratory (BioPAL), Wellesley, MA] of 15 m in diameter were used for this study. A suspension of microspheres (ϳ0.5 ml) was vortexed for 45-60 s and infused into the carotid catheter, followed by a saline flush over ϳ20 s. About 10 s before the infusion of microspheres, withdrawal of the reference blood sample began at a rate of 500 l/min via the caudal artery catheter. Adequate mixing of the microspheres in the circulation was verified by comparing flows from the left and right kidney (52) . On completion of the protocol, rats were euthanized with an overdose of ketamine and acepromazine, and the left and right soleus, TA, and kidneys were removed, weighed, and placed immediately into sample vials. The samples were dried overnight (at 37°C) and shipped to BioPAL for analysis. Blood flows (ml·min Ϫ1 ·100 g Ϫ1 ) were calculated as Blood flow ϭ (0.5 ml ⁄ min ϫ CPM RBS Ϫ1 )
where RBS is reference blood sample and CPM is counts per minute (52) . Leg oxygenation. Arterial and femoral venous blood samples (ϳ0.3 ml) were withdrawn at baseline and during the 6th minute of compressions using heparinized syringes. Within 10 -15 min, blood gases (PO2 and PCO2), oxygen saturation (SO2), pH, and hemoglobin concentration were determined using the ABL720 analyzer (Radiometer, Copenhagen, Denmark). Blood O2 content was calculated according to the following formula (17):
Leg O2 delivery was determined from the product of FBF and arterial O 2 content. Oxygen uptake (V O2) was calculated as the product of FBF and the systemic arterial-venous (a-v) O 2 difference and expressed relative to body weight (14) .
Tissue processing and RT-PCR analysis. Muscle samples harvested before (right TA) and after (left TA) IPC application were quickly placed in RNA stabilization reagent (RNAlater; Ambion) and kept at 4°C for up to a week until further processing. Approximately 30 mg of tissue were homogenized in a lysing solution (Buffer RLT; Qiagen, Valencia, CA) containing 14.3 M ␤-mercaptoethanol (␤-ME) using a tissue homogenizer (Fisher Scientific, Waltham, MA). Total RNA was isolated using an RNeasy fibrous tissue mini kit (Qiagen, Valencia, CA) and assayed using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and concentration. Firststrand cDNA was synthesized from total RNA by reverse transcription primed by a mixture of random hexamer and oligo(dT) primers (iScript cDNA synthesis kit; Bio-Rad, Hercules, CA). The reactions were incubated in a PCR Express Hybaid thermal cycler (Hybaid, Franklin, MA). Quantitative real-time PCR was performed using the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). Primers for each target were purchased from IDT (Coralville, IA). Sequences were as following: VEGF, forward primer 5=-TTC AAG CCG TCC TGT GTG C-3= and reverse primer 5=-TCC AGG GCT TCA TCA TTG C-3= (28); eNOS, forward primer 5=-GTG CTG GCA TAC AGA ACC CA-3= and reverse primer 5=-CCA TGT GGA ACA GAC CCC A-3= (28); MMP-2, forward-primer 5=-CCA TGA AGC CTT GTT TAC CA-3= and reverse primer 5=-CTG GAA GCG GAA CGG AAA-3= (20) ; HIF-1␣, forward primer 5=-AAC AAA CAG AAT CTG TCC TCA AAC C-3= and reverse primer 5=-CAG GTA ATG GAG ACA TTG CCA G-3= (29); MCP-1, forward primer 5=-CTG TCT CAG CCA GAT GCA GTT AA-3= and reverse primer 5=-AGC CGA CTC ATT GGG ATC AT-3= (38); and GAPDH, forward primer 5=-ACT CTA CCC ACG GCA AGT TC-3= and reverse primer 5=-TAC TCA GCA CCA GCA TCA CC-3=. A 25-l reaction mixture containing 24 l of Power SYBR Green PCR Master Mix (Applied Biosystems) and the appropriate concentrations of gene-specific primers plus 1 l of cDNA template was loaded in each well of a 96-well plate (duplicate samples). PCR was performed with thermal conditions as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A dissociation curve analysis was performed after each run to verify the identity of the PCR products. The comparative cycle threshold (Ct) method was utilized to calculate the changes in expression of each target mRNA (26) .
Statistical analysis. Statistical analysis was performed by employing SigmaStat Statistical Software (Jandel Scientific, San Rafael, CA). Limb hemodynamics and leg oxygenation responses were compared using ANOVA for repeated measures. Changes in mRNA expression between groups were compared using one-way ANOVA. Intergroup comparisons were performed by employing Tukey's procedure, when appropriate. P Ͻ 0.05 was considered to be significant. Data are means Ϯ SE.
RESULTS
Limb hemodynamics during IPC application.
Typical examples of the profile of FBF during and in between compressions are shown in Fig. 2 . Rapid cuff inflation and the consequent flow impediment generated a retrograde blood flow component in all three compression protocols. As expected, FBF remained significantly reduced compared with the baseline values throughout the compression period (Table 1) . During cuff release, blood flow immediately increased above baseline lev- els (by an average of 37%), with the group subjected to the 200 mmHg (2 s/2 s) showing the most robust changes (ϳ43% increase) ( Table 1 ). Blood pressure also increased slightly but significantly (overall mean increase of ϳ5%), except in the 120 mmHg (2 s/2 s) group, thus resulting in a modest increase (ϳ27%) in femoral vascular conductance in all groups studied (Table 1) . When the overall average of the intervention period is considered (i.e., averaging the compression period with the period in between compressions), the hyperemic response is no longer evident (Fig. 3) . In all the groups, FBF was either unchanged or slightly reduced compared with baseline (Fig.  3B ). This fact, combined with aforementioned increase in BP, resulted in a slight drop in FVC in all three experimental groups, with the response in the 120 mmHg (2 s/2 s) and 120 mmHg (4 s/16 s) groups reaching statistical significance compared with baseline (P Ͻ 0.05) (Fig. 3C) . We also measured tissue blood flow to superficial (TA) and deep (soleus) muscles during IPC application with the microsphere technique. Proper mixing of microspheres into cardiac output was confirmed by the excellent agreement between blood flows to the left and right kidneys (left/right kidney ratio of 1.04). In parallel to the trend observed during the bulk flow measurements, there was a modest, nonsignificant increase in blood flow to both muscles of the left leg at 30 min, followed by a return to baseline levels at 60 min (Table 2 ). An exception was found in the 200 mmHg (2 s/2 s) group, in which blood flow to the soleus muscle increased at both time points, reaching statistical significance at 60 min (P Ͻ 0.05).
Leg oxygenation. Successful leg O 2 consumption measurement was possible in 13 animals only (of a total of 17) due to technical difficulties during blood sampling and analysis. Blood variables at baseline and during the compressions are shown in Table 3 . Oxygen delivery, a-v O 2 content, and leg V O 2 are shown in Fig. 4 . IPC application evoked a modest decrease in both venous PO 2 and SO 2 in the experimental groups, resulting in an overall decrease in venous O 2 content (by ϳ17%). These changes were especially marked in the 200 mmHg (2 s/2 s) group, in which venous O 2 content dropped by 26% from baseline. As a consequence, there was a modest, nonsignificant increase the a-v O 2 difference and leg O 2 consumption in all three compression groups, whereas no detectable changes was seen in the control group (Fig. 4) .
Gene expression changes after 150 min of IPC. A total of 32 rats were used in this experiment (n ϭ 8 in each group). One rat in the 120 mmHg (2 s/2 s) group died during the procedure and therefore was excluded from the analysis. VEGF mRNA in the experimental leg (left) increased significantly in both the 120 mmHg (2 s/2 s) (1.08-fold) and 200 mmHg (2 s/2 s) (1.02-fold) groups compared with the control group (no intervention) following IPC application (Fig. 5) . MCP-1 mRNA content decreased in all four groups following the intervention, but the magnitude of changes differed substantially between groups. Indeed, whereas in the nonintervention group the mRNA expression of this gene decreased by ϳ10-fold, only a modest downregulation was seen in both the 120 mmHg (2 s/2 s) (ϳϪ0. 
DISCUSSION
The aim of the present study was to test the hypothesis that IPC application in the leg acutely upregulates angiogenic mediators. The main novel findings of this investigation were that 1) 150 min of cyclic leg compressions significantly increases the mRNA expression of VEGF and MCP-1 in skeletal muscle, and 2) the magnitude of these effects appears to be dependent on the frequency but not the absolute amount of pressure during compressions.
Experimental considerations. The search for the biological basis of the beneficial effects of IPC application through the use of animal models (25, 46) requires that the protocols used and, most importantly, the effects evoked by the compressions mimic the ones obtained in the clinical scenario. Accordingly, the protocol employed in the present investigation was based on the most commonly used stimulation characteristics utilized for treatment of patients with PAD, i.e., 120 mmHg, with cycles of 4 s of inflation and 16 s of deflation and a minimum time of exposure of 150 min (13, 47) . We also manipulated the pressure (120 and 200 mmHg) and frequency (3 and 15 cycles/min) of compressions to understand whether these factors play a role in the observed adaptations. To characterize the limb hemodynamic responses, we measured FBF during the application of IPC (Figs. 2 and 3 and Tables 1 and 2) . Notably, the overall magnitude of change in blood flow in between compressions observed (post/precompression blood flow ratio of 1.36) ( Table 1) is remarkably similar to those seen in healthy humans under the same conditions (i.e., calf compressions in the supine position) (48) . Likewise, the blood flow reduction during the compressions and the consequent unaltered net change in flow (when combining the pre-and postcompression periods) (Fig. 3) resembles the responses seen in calf plus thigh IPC in humans (35) . Thus, apart from the inherent limitations associated with the experimental setup (e.g., anesthesia and leg restraint), the aforementioned observations suggest that the current model appears to be reliable for the study of the mechanistic basis of IPC therapy.
IPC-induced changes in mRNA expression of angiogenic factors.
The process of angiogenesis is initiated and controlled by a variety of growth factors and cytokines that promote endothelial cell proliferation and migration (9, 15, 39) . Among the angiogenic mediators, VEGF has received special attention and is known to participate in both the maintenance of basal capillarization (37, 45) and the formation of new capillaries in skeletal muscle (e.g., following exercise training) (27, 39) . In the present study, we have demonstrated for the first time that application of IPC evokes upregulation of VEGF mRNA in rat skeletal muscle. Notably, these changes were only significant in the groups exposed to the higher frequency of compressions (2 s on/2 s off) and appeared not to be importantly affected by pressure, at least in the range tested (Fig. 5) . Compared with the control group, IPC application at 120 mmHg (2 s on/2 s off) and 200 mmHg (2 s on/2 s off) increased VEGF mRNA by 52 and 49%, respectively.
Accompanying the changes in VEGF mRNA, the expression of MCP-1 was altered by IPC only in the groups exposed to the higher frequency of compressions compared with the control group. MCP-1 is a potent chemokine that has been shown to modulate angiogenesis by promoting endothelial cell migration and sprouting in endothelial cells (18, 42, 51) . Importantly, the angiogenic effects of MCP-1 appear to be mediated by VEGF, as shown in rat aortic rings (18) . If true, the selective effect on both factors in the groups exposed to compressions at the higher frequency appears to indicate that their activity might be coupled in the skeletal muscle vasculature as well (36) . Besides acting as angiogenic mediators, VEGF and MCP-1 also have been implicated in the process of arteriogenesis (21, 27) . For example, it has been demonstrated that VEGF receptor blockade abolishes collateral arteriogenesis in a rat model of hindlimb ischemia following exercise training (27) . These facts are especially relevant given the recent observation that 10-wk of IPC application increased the number of collaterals in rabbits with bilateral femoral artery ligation (46) . It is conceivable, therefore, that the observed acute upregulation of these genes following IPC might also mediate the process of arterial remodeling seen during prolonged exposure to this therapy.
The lack of change in eNOS mRNA expression is at odds with the results of previous investigations that employed a rat model of IPC (6, 44) . Tan et al. (44) reported that application of compressions rapidly increased eNOS mRNA by up to 180% in the rat TA. The reasons for this apparent discrepancy are not entirely clear but could possibly reflect fundamental differences in the protocol and type of IPC. As opposed to the circumferential cuffs used in this study, Tan et al. (44) applied an "asymmetrical" cuff in which pressure is applied only in the lateral and medial side of the leg. Since those authors were interested in the prophylactic use of IPC for deep vein thrombosis, a much lower pressure (55 mmHg) than those used in the present was applied. These differences imply that a different mechanical stimulus was given, which prevents a thorough comparison between these two studies. It can be speculated, however, that the eNOS mRNA response to the effects evoked by IPC application (i.e., increased shear stress, stretch) might be pressure specific such that lower muscle compression pressures, e.g., as employed by Tan et al. (44) or induced by simple limb movements (16) , cause the most optimal stimuli for upregulation of this factor. MMP-2 and HIF-1␣ mRNA are increased in chronic models of muscle stretch and during acute application of strain in endothelial cells (30 -32) . We reasoned that the mechanical perturbations induced by IPC application would alter the expressions of these factors, but contrary to our expectations, no changes were detected. Although unclear, a potential explanation for the absence of increased expression of these molecules is the short time of exposure to IPC therapy. In cultured endothelial cells, HIF-1␣ mRNA was found to be upregulated after 24 h but not after 6 h of exposure to static stretch (30) . Likewise, changes in MMP-2 mRNA are not significant until 6 h of static strain application in microvascular endothelial cells (32) . In humans, Rullman et al. (40) also failed to find changes in the expression of MMP-2 following an acute bout (65 min) of exercise. Thus, although our data suggest that these two factors are not acutely activated by IPC application, it is possible that repeated, prolonged exposure to this therapy and its associated effects could promote changes in the expression of these genes.
Potential mechanisms. The exact mechanisms driving the changes in gene expression following IPC application are unknown, but the examination of the acute responses to this therapy offers some insights. Angiogenesis in skeletal muscle evolves from a complex interaction of a number of stimuli, including hypoxia, release of metabolic mediators, and mechanical forces (15, 39, 49) . In the case of VEGF, for example, it is known that hypoxia appreciably increases both mRNA and protein in skeletal muscle (3), and accordingly, it has been suggested that this mechanism might be the cornerstone for the changes in capillarization in situations where the muscle experiences increased metabolic rate and decreased oxygen tension (e.g., exercise) (49) . To verify whether increased muscle metabolism plays a role in the observed changes in gene expression following IPC application, we performed measurements of leg oxygenation in the rat during an acute bout of compressions (6 min). We found that cyclic limb compressions do invoke minor, nonsignificant increases in leg a-v O 2 difference and V O 2 (see Fig. 4 ). Although these changes are negligible compared with those observed during exercise, it is impossible to exclude a potential influence of increased muscle metabolism and its associated effects on the changes in the expression of angiogenic factors. Nonetheless, it is fair to assume that mechanical forces altered by IPC play a pivotal Values are means Ϯ SE of blood flow (ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 ) in each group [n ϭ 4 for 120 mmHg (2 s/2 s) and 200 mmHg (2 s/2 s) groups, n ϭ 5 for 120 mmHg (4 s/16 s) group, and n ϭ 3 for no intervention group] in soleus and tibialis anterior muscles. *P Ͻ 0.05 vs. baseline. Table 3 . Blood variables at rest and during cyclic compressions role in inducing the expression of these mediators in this condition.
The multitude of physical forces possibly altered during forceful external limb compressions (e.g., stretch, compression, strain, tension, and stress) makes the task of partitioning the contributors especially challenging. Most authors have suggested that increased blood flow and shear stress is potentially the most important single factor responsible for the clinical effects of IPC (5). In our study, changes in VEGF and MCP-1 mRNA appeared to be unrelated to the overall increases in blood flow during IPC. Thus, although the magnitude of flow increase was comparable across all three groups (Table 1) , upregulation of these factors was only detectable in muscles of rats exposed to the higher frequency of compressions (Fig. 5) . It can be argued that a high frequency of repeated exposure to brief periods of increased blood flow and wall shear stress is necessary to trigger these adaptations. As described above, however, the lack of changes in eNOS mRNA expression points toward a minor contribution of increased shear stress as the driving force in these conditions.
IPC stimulation characteristics: potential clinical implications. A particularly striking finding of the present study was that the aforementioned changes in gene expression were evident only in the protocols in which a high frequency of compressions (15 per minute) was applied. Indeed, in the group exposed to the protocol commonly employed in clinical settings for PAD treatment (3 cycles/min at a pressure of 120 mmHg), no significant changes were seen in VEGF and/or MCP-1 mRNA compared with the control group. Notwithstanding the already mentioned limitations of using animal models, this finding brings up the possibility that the stimulation characteristics routinely used clinically are less than optimal. This is a contentious issue, and although some efforts have been made to determine the most favorable rates and timing of compressions (12, 48) , long-term studies comparing the efficacy of different protocols of compression are still lacking. It has been argued that a prolonged interval between compressions is necessary for promoting venous refilling and therefore maximizing the hyperemic responses triggered by the subsequent cycle (12) . First, this line of reasoning neglects the fact that a significant portion of blood flow response following limb compression is independent of the arterial-venous pressure gradient (23, 48) . There is now compelling evidence that a rapid and significant arteriolar dilation ensues following external mechanical compression of the skeletal muscle (7, 23, 33) . In isolated arterioles, this mechanically induced vasodilation has been shown to be magnified by repeated compressions (i.e., increased frequency) as opposed to sustained compressions of the same time duration (7) . Thus, as exemplified by our findings (Table  1) , even in conditions where the arterial-venous pressure gradient is minimized or absent (e.g., supine position), there still is a robust hyperemic response following external compression (35) . Second and most important, the rationale for using lower frequencies ignores the fact that mechanisms other than increased blood flow might mediate and/or contribute to the observed clinical benefits of IPC (see Potential mechanisms above). If, for instance, cyclic mechanical deformations and/or wall strain also participate in the IPC-induced vascular remodeling, it is desirable to design a protocol in which the action of these forces is maximized. From the standpoint addressed in this investigation, i.e., expression of angiogenic mediators, it seems that a higher frequency of compressions might be more efficient than a more sporadic stimulus.
Limitations. One limitation of the present study is that we did not examine whether pressures applied externally to the limb are accurately transmitted to the vasculature embedded within the tissue. Indeed, although in preliminary experiments we have shown that the pressure underneath the cuff closely resembles the one set in the compression unit (Supplemental Fig. 1) , it is not known how the intramuscular pressure varies with tissue depth and between muscles in this experimental scenario. In previous studies it has been shown that during application of external pressure to human cadaver limbs, there seems to be a linear relationship between external and intramuscular pressure at various tissue depths (8) . Indeed, Crenshaw et al. (8) have demonstrated that the effectiveness of pressure transmission to the tissue can be higher than 95% depending on the cuff size. Whether the same holds true for rat skeletal muscle in the aforementioned conditions is not known. Future experiments are needed to ascertain how the mRNA expression of muscles located in different anatomical locations respond to this type of therapy.
Our model has two potential weaknesses that deserve consideration. The first is evidenced by the observation that mean blood flows were slightly different between limbs at baseline ( Table 2) . Especially for the TA muscle, it seems that elevation of the leg, cuff placement, and leg restraint caused blood flow to be reduced in the left leg compared with the right limb in the baseline conditions. As mentioned previously, however, this small reduction in mean blood flow at baseline did not affect the hyperemic response to compressions, and the magnitude of changes in FBF is in accordance with what has been reported in humans under the same conditions. Most importantly, the reduction in flow was uniformly observed in all groups, including the control group, which suggests that this isolated effect does not explain the detected changes in mRNA expression of angiogenic factors. The second striking finding was the pronounced change in VEGF and MCP-1 mRNA expression in the control (no intervention) group (Fig. 5) . The reasons for this apparent time effect are not entirely clear, but several factors could possibly influence the expression of these genes under these conditions: first, there was a trauma associated with removing the muscle from the other limb and securing the left leg in place as described in METHODS; second, the animals were anesthetized for at least 3 h and maintained in the supine position, and expectedly, there could be changes in the magnitude and patterns of blood distribution within the limb; and finally, it is possible that some minor baseline differences exist in the expression of these genes between limbs. These results highlight the importance of including a control group to properly address changes in gene expression in future studies.
Conclusion and perspectives. In conclusion, the present study demonstrates for the first time that acute IPC application in the leg increases the mRNA expression of angiogenic factors in skeletal muscle. These novel findings provide some valuable information for the understanding of the molecular basis of IPC-mediated acute effects and raise the possibility that repeated exposures to this therapy can influence capillary growth in skeletal muscle. Furthermore, the observation that the magnitude of mRNA changes in VEGF and MCP-1 mRNA was only significantly altered in the groups exposed to higher frequency (2 s on/2 s off) strongly encourages future studies to examine the impact of varying the stimulation characteristics of IPC on hemodynamics and functional variables in clinical populations.
